Allocation of carbohydrates between competing organs is fundamental to plant development, growth and productivity. Carbohydrates are synthesized in mature leaves and distributed via the phloem vasculature to developing buds where they are consumed to produce new biomass. The distribution and mass-allocation processes within the plant remain poorly understood and may involve complex feedbacks between different plant functions, with implications for the emergent structure of the plant. Here, we investigate how the order in which dormant buds are flushed affects the development of tree size and reproductive output during the first 20 years of growth in full light and shaded canopy environments. We report the following findings: (i) Bud-flushing strategies strongly affect the temporal dynamics of height, mass and the size of reproduction pool, as well as the resulting architectures.
Introduction
Allocation of carbohydrates within a plant between potentially competing meristems is fundamental for its development and future productivity. Carbohydrates are synthesized in mature leaves and distributed via the phloem to growing meristems throughout the plant (Münch 1930 , Daudet et al. 2002 . The partitioning of available carbohydrates among the different tissues determines their relative growth and thereby the overall plant form (Watson and Casper 1984 , Wilson 2000 , Kramer and Borkowski 2004 , Epron et al. 2012a , Ryan et al. 2014 . Moreover, the priority by which branches are further developed shapes the overall architectural structure of trees, with different species exhibiting different growth forms (Hallè et al. 1978, Barthèlèmy and Caraglio 2007) .
While growing, plants face a question of how carbon should be allocated between different tissues. In the root system, carbon that is not used for the maintenance of living root tissues can be allocated for the growth of fine roots, storage roots or tap roots (Friend et al. 1994) . Similarly, the carbon allocated to the tree crown can be invested in the extension of existing branches or in the development of new shoots (Genard et al. 2008) . However, for a set of buds located at different positions on the stem and within the crown, which buds should be flushed first? A priori, many solutions appear possible, including randomly flushing buds and later discarding unprofitable branches, or selectively flushing buds based on criteria such as intensity of illumination, anticipated carbon gain or distance from the stem. Yet little is known about how 'bud-flushing strategies' affect emerging characteristics of plant growth and plant form.
Previous attempts at capturing and modeling the diverse architectural strategies displayed by extant plant species have struggled to fully accommodate the strategic dilemma of carbon allocation among many meristems. In one approach, inter-specific differences in plant growth and morphology are classified into architectural type (Hallè et al. 1978, Barthèlèmy and Caraglio 2007) . This classification distinguishes between several orders of axes (trunk, branches, branchlets, twigs and brachyblasts) and specifies for each order salient characteristics such as the phyllotaxis and the preferred direction of ramification. While this framework gives insight into possible inherited branch development under non-stressed conditions, it leaves unanswered the question of how the carbon is allocated, and more specifically, how the environment may impact the allocation of carbon among different meristems. By contrast, studies of carbon allocation in plants typically consider allocation between only a few components, e.g., roots, leaves and stem, and do not address how the carbon should best be distributed within these components (Donnelly 1974 , Weir 1981 , Dewar 1993 , Cannell and Dewar 1994 , Marcelis and Heuvelink 2007 , Genard et al. 2008 .
Here, we use an extension of a bottom-up, functional-structural plant growth model by Sterck et al. (2005) to explore the effect of six different bud-flushing strategies on three measurable outcomes likely to influence a plant's fitness in different light environments. Our model simulates architectural development from rules for branch growth and loss defined at the metamer level, with the overall rate of growth limited by a detailed carbon budget. Moreover, our model allows for three-dimensional plant growth in different light environments, integrating the carbon economy from basic morphological units up to whole-plant level, and thereby combines both the architectural and physiological aspects of growth. A predefined bud-flushing strategy determines which buds to flush in different positions on the tree.
The bud-flushing strategies we introduce are inspired by general principles that we expect to govern growth in arboreal vegetation. An 'Optimal-Flushing' (OF) strategy considers the plant as a unified organism, with bud-flushing treated as a centralized decision aimed at the maximization of carbon gain over the entire tree. Reflecting the autonomous branch decisions described by Sprugel et al. (1991) , an 'Autonomous Branch Flushing' (ABF) strategy considers each branch as an independent unit within which carbon gain is maximized by a flushing order of local buds. To mimic growth patterns of light foraging species (Stoll and Schmid 1998 , Sprugel 2002 , Sterck et al. 2005 ) in which phototropism is heavily promoted to reach maximal exposure to direct sunlight, we also define a 'Light-Foraging Flushing' (LFF) strategy based on the light levels at each metamer. Finally, we introduce two strategies that promote apical dominance (rapid vertical growth) and minimize carbon costs respectively, 'ApicalDominant Flushing' (ADF) and 'Low-Cost Flushing' (LCF). The ADF strategy is inspired by the fast vertical growth that characterizes shade-intolerant species (such as pioneer species in an ecological succession), while the LCF strategy emphasizes biomass production at low photosynthetic rates, typical of species that prefer shaded environments. For comparison and completeness, we also introduce a 'Random Flushing' (RF) strategy, i.e., a strategy with an equal flushing probability for all buds.
The goal of our analysis is to elucidate how bud-flushing strategies affect the temporal dynamics of plant growth, including height, reproductive output and emergent plant structure. To this end, we compare the efficacy of each strategy in contrasting conditions. Can a single strategy excel in both full light and shaded canopy conditions or is the success of a flushing strategy determined by the light environment? In addition, we investigate how branch turnover and meristem generation influence the growth patterns of bud-flushing strategies.
Materials and methods
We use an extension of the bottom-up functional-structural plant growth model first introduced by Sterck et al. (2005) to investigate how six bud-flushing strategies impact growth efficiency and architectural characteristics of trees growing either in full light or in a shaded canopy environment. Our model integrates the carbon economy of basic morphological units to a global, whole-plant level and allows simulation of plant growth over discrete time steps. Below, we briefly describe our model of tree growth, the six bud-flushing strategies we consider, our three measures of performance and the model parameterization. A full description of the model, excluding bud-flushing strategies, is given by Sterck et al. (2005) .
Tree structure
The basic unit of the modeled trees is the metamer, which consists of a segment (node and internode), a petiole, a leaf-blade and two meristems (apical and axillary). Geometrically, these elements are represented by cylinders (internodes), ellipses (leaf-blades) and points (meristems). Metamers produced by apical meristems have the same direction as the parent metamer (extension along the apical axis) while metamers produced by axillary meristems have fixed phyllotaxis and branching angle (branch ramification).
Every leaf is connected to the base of the stem by a living pipe. Each pipe has a fixed cross-section and each leaf a fixed area, as assumed in classical pipe theory (Shinozaki et al. 1964 , Mäkelä 1986 ). The number of pipes in the segment determines the internode radius of the metamer. We assume that metamers have fixed internode length, petiole length, leaf dimensions and pipe cross-section. This simplifying assumption is introduced to make all ontogenetic changes depend solely on the spatial arrangement of metamers and/or pipe, making it easier to isolate the impact of each strategy on the developing architecture (Sterck et al. 2005 ).
Carbon economy
A plant's carbon balance is determined by the difference in carbon income from leaf photosynthesis and carbon costs for growth and maintenance. A fixed percentage of the net carbon gain at each time step is used for reproduction and the remaining carbon is used for growth. For each leaf, the gross photosynthesis is the integral of the instantaneous photosynthetic rate over the time interval between sunrise and sunset (Johnson and Thornley 1984 , Pearcy and Yang 1996 , Sterck et al. 2005 . The production of each new metamer requires carbon; the tree must cover the costs of the new leaf-blade and appending pipe. For each leaf and connected pipe i, these costs (C i kg of carbon) are calculated as follows:
Here, F is the carbon mass to total biomass ratio, A i L is the leaf area, A i S is the specific leaf area, ρ is the pipe density, A i P is the pipe cross-sectional area and L i P is the pipe length. The last factor is thus the mass of the leaf and associated pipe, assumed to jointly form the entire mass of the metamer. The constant r g = 0.45 reflects the fact that 45% of the carbon invested in the construction of a new leaf or pipe is lost as growth-respiration (Poorter and Villar 1997) . The amount of carbon required to construct a new metamer thus varies with the length of the associated pipe, and hence its placement in the tree.
Branch turnover
Branches are discarded from the tree when their carbon costs exceed their carbon production. This 'death rule' is implemented at a metamer level: a pipe dies when the leaf it supplies is discarded. As branches containing no living pipes are shed off the tree, the remaining dead pipes contribute to the secondary growth of the stem and branch elements.
Meristem regeneration
We allow for the possibility of meristem regeneration by optionally placing a new meristem at every position where a branch is discarded. This feature enables the tree to maintain a viable meristem population within its crown. This is a common feature of angiosperm species that form dormant and/or adventitious buds (Pallardy 2008). Other species, like pynophites, do not possess such a characteristic and may restore the crown from buds on other branches. By allowing for both possibilities, we are able to study how meristem regeneration affects the performance of our six bud-flushing strategies.
Light environment
The photosynthetic rate of a leaf depends on the leaf's illumination as determined by the surrounding light environment and self-shading from other leaves. Each tree is assumed to be located at the center of a cylindrical gap within a surrounding canopy of fixed height and leaf density. The dampening of the intensity of the light reaching the individual leaves is calculated using the Beer-Lambert law (Swinehart 1962) , according to the angle at which light rays enter the canopy (position of the sun with respect to the horizon) and thus the distance light travels through the medium.
Bud-flushing strategies
We consider six different bud-flushing strategies, each of which is characterized by a single specific mechanism that determines the order in which assimilated carbon is distributed to meristems, thus deciding where new biomass is added within the tree.
Apical-dominant flushing A strategy that prioritizes the flushing of the buds closer to the stem. This mechanism promotes vertical growth mimicking apical dominance (since buds on long branches have low flushing priority, while the stem apical bud always has highest priority). This strategy may offer advantages for shade-intolerant species, which need to outcompete the surrounding vegetation and to ensure exposure to direct sunlight.
Autonomous branch flushing A flushing strategy based on the optimization of the carbon economy in individual branches. This mechanism reflects the autonomous branch behavior (Sprugel et al. 1991) in contrast to an OF strategy (see below) and the other strategies that consider the plant as a completely integrated system. The ABF strategy is implemented by computing the amount of carbon produced and the maintenance costs at all metamers and using them to define an intrinsic flushing priority for every branch that originates at each metamer (see Appendix 1 for definitions and a more detailed explanation of the algorithm). This intrinsic priority is then converted to the realized priority that is assigned to all metamers in the tree. Flushing occurs as long as enough carbon is available.
Optimal flushing A flushing strategy through which buds are flushed where the expected net carbon production of the metamer is maximized. By assuming that a new metamer will be alive for the entire lifespan of its corresponding leaf (8 months), we estimate the future net carbon production under constant light levels, equal to the current ones, as the difference between the gross carbon income and respiration costs over the expected lifespan. New metamers are produced at the locations expected to provide the highest net carbon gain as long as enough carbon is available (Sterck et al. 2005 ).
Light-foraging flushing A strategy that promotes phototropism by flushing buds according to the light levels at their metamers. In this framework buds on metamers that have the highest exposure to light are flushed first. This strategy is especially useful to simulate growth patterns observed in light foraging species (Stoll and Schmid 1998 , Sprugel 2002 , Sterck et al. 2005 ).
Low-cost flushing A flushing strategy based on carbon costs alone. This algorithm orders the buds by increasing carbon costs of production and flushes the least expensive ones first.
Random flushing A flushing strategy that randomly selects which buds to flush and keeps flushing buds until the available carbon is insufficient. For all strategies, when two or more buds happen to be assigned the same flushing priority, the flushing order within this group of buds is chosen at random.
Measures of plant performance
We measure the performance of the six bud-flushing strategies by their impact on the following three quantities: tree height (m), tree mass (kg) and size of the reproduction pool (kg), i.e., the total amount of carbon allocated for reproduction. We selected these measured based on their importance for the competitive abilities of plants (Reekie and Bazzaz 2005) . We define the mass of a tree as the weight of its living pipes (sapwood), leaves and dead pipes (heartwood). Tree height is determined as the largest height above ground of any metamer and the size of the reproduction pool is determined as the cumulative carbon allocated towards reproduction (Sterck and Schieving 2007) . All three performance measure change over time; we focus on the first 20 years of growth.
Model parameterization
Each tree is grown in two different light environments: in full light or with a surrounding canopy. To promote vertical growth and simulate competition for light in the shaded environment, we assume that canopy height is 7 m with a leaf area index of 4. The gap is a cylinder with a 1-m radius (Sterck and Schieving 2007) . This allows strong dampening of incoming light at low angles while simultaneously allowing sufficient light reach the seedling overhead. This condition is important during the first weeks of growth when the total photosynthetic rate only depends on a very small number of leaves. We isolate the impact of meristem regeneration on the growth of the six architectures by simulating their temporal dynamics both with and without meristem regeneration. The length of the time step is set to 10 days. The remaining parameters are set to the same values as in Sterck and Schieving (2007) and are listed in Table A1 , Appendix 2.
Results

Effects of bud-flushing strategies on patterns of growth
The six bud-flushing strategies result in different patterns of tree growth. Figure 1 shows the rates of growth in height, mass and reproduction pool for the six strategies in full light and canopy conditions, respectively. A 'slow growth/short trees' pattern is manifested by the LCF and the ABF strategy in both light environments and by the RF strategy in the canopy environment. A 'fast growth/tall trees' pattern manifested by the ADF and LCF strategies is present in both light environments. This growth pattern is characterized by a short stage of explosive growth and the stabilization to mature height within the third year of life. Trees exhibit a steady rapid growth until they reach their mature height between 15 and 20 m. Finally, we observe a third growth pattern that is intermediate in growth rate and eventual height, in which trees reach their mature height later in life. The OF strategy and the LFF strategy adopt this behavior both in full light and in the shaded environment. Figure 2 shows the architectures produced by the six budflushing strategies after 20 years of growth in the canopy environment. Apical dominant architectures, corresponding to the ADF strategy and the LFF strategy, present virtually no selfshading, but also have a very limited capacity to capture light as the temporal dynamics of the reproduction pool shows (in both light environments, Figure 1 ). The tall and narrow trees resulting from the use of these two bud-flushing strategies resemble, but are more extreme than, those of typical early-successional species such as pine. With their peculiar elongated architecture, the emerging trees resemble the many bamboo species in the grass family Poaceae. At the other end of the spectrum, we have the bush-like architectures of trees adopting the RF, ABF or LCF strategies. These resemble shade-tolerant understory vegetation. Finally, the architectures of trees adopting the OF strategy arguably exhibit the most typical tree architectures, supporting the belief that the OF strategy is prevalent in nature.
Performance of the bud-flushing strategies
The OF strategy results in trees that manifest gradual growth in both full light and in canopy environments. Within 20 years of growth, trees adopting this strategy achieve a height between 5 and 10 m in either environment when meristem regeneration is active (see Figures 1 and 2 ). Although their height is similar to that of the ABF, LFF and RF architectures, OF trees exhibit a much greater capacity to allocate carbon to reproduction (comparable only to ABF in full light). This feature is particularly evident in the canopy environment, in which the OF reproduction output surpasses those of all other bud-flushing strategies after the first 5 years of growth. Without regenerating meristems, OF is again the dominant strategy with respect to tree mass (see Figure 3) , reproduction output and longevity in the shaded environment. In full light, its reproduction output is the highest between 5 and 15 years of growth, before being surpassed by the LCF, LFF and RF strategies.
In general, no single bud-flushing strategy excels in every light environment. This is evident from the temporal dynamical plots displayed in Figures 1 and 3 . The ABF strategy excels in open light, with a gradual growth that produces the most massive trees (at all stages of growth) and a reproduction equal to OF. In the shaded environment its pattern of growth changes from gradual to fast growth, while the mass of its tree and the reproduction output fall dramatically. The performance of budflushing strategies also depends on whether meristem regeneration is possible. In both light environments, ADF produces the tallest trees, but regeneration of meristems in the lower regions of the crown is indispensable for the strategy to maintain enough productive leaves to compensate for the high costs of long pipes.
Impact of meristem regeneration and metamer death rules
Meristem regeneration places a new bud at every position where a branch fell off, thus enabling trees to maintain a viable meristem population within the crown. When this mechanism is not active, fewer buds are available for flushing at each time step. This reduction in the bud population impacts the performance of all bud-flushing strategies. As Figure 3 illustrates, the LFF and ADF strategies become unable to sustain growth in full light for 20 years. In this environment, LCF becomes the dominant strategy in terms of tree mass and reproduction output (followed by ABF and RF). As LCF favors the flushing of buds closest to the root (less expensive, shorter pipes), this strategy displays short bush-like architectures (an example is shown in Figure 2 ). The absence of regenerating meristems forces new metamers to be placed at increasing lengths from the root, thus producing more massive trees with larger and sparser crowns, and consequently a lower amount self-shading. This heightened capability of the LCF architecture to intercept light enhances its performance dramatically (compare to Figure 3 ). In the shaded environment, however, OF is the only viable strategy for a tree to survive past the 20-year mark. Random Flushing succeeds in full light. The absence of meristem regeneration enhances the performance of LCF and OF.
The bud-flushing strategies that we consider are based on decisional rules that take into account the current light environment and positions of the buds to produce a list of flush priorities; however, when RF is applied, all buds are always given an equal flush probability. Through metamer mortality rules, unproductive branches are eventually shed. Random Flushing thus combines with the branch turnover mechanism of the model, yielding a trial-and-error type strategy for growth that performs on a par with the organized strategies. This mechanism explains the enhanced performance of RF when meristem regeneration is active. At each time step, the increased population of buds results in a lower flush probability being assigned to each bud, in particular to those placed where branches were discarded. The probability of reattempting branching directions that led to the discarding of a branch thus reduces the efficacy of the trial-and-error mechanism. However, the probability of such choices of direction diminishes with time as the bud population increases (the more the buds the lower the probability for each direction to be chosen, including the unsuccessful ones). In full light conditions, RF leads to a gradual growth that is comparable to ABF, OF and LFF (Figure 1) .
When meristem regeneration is not active (Figure 3 ), this effect is accentuated since directions of ramification that lead to unproductive leaves can never be attempted again once their branches have been discarded. In the shaded environment, the outcome of this mechanism is reduced with respect to both size and reproduction pool. In fact, when the tree is surrounded by canopy there are fewer favorable directions of growth (those Tree Physiology Online at http://www.treephys.oxfordjournals.org that receive direct sunlight from the top of the gap), yet the probability of being flushed is the same for all buds at all times.
Discussion
In this study, we employed a functional-structural plant model first devised by Sterck et al. (2005) to compare six bud flushing strategies and their effects on the growth patterns observed both in full light and in a canopy environment. The six bud-flushing strategies were designed to mimic the behavior of trees with particular characteristics (light harvesting, shade tolerance/intolerance) and to represent different types of decision making in the activation of dormant buds (centralized vs local, branch level). It is particularly interesting to compare the performance of the OF strategy to the ABF strategy because of their contrasting modes of operation. Optimal-Flushing considers the tree as a completely integrated system in which the whole-plant carbon economy is accounted for to decide the bud-flushing order. Autonomous Branch Flushing, on the other hand, decentralizes this decision making, allowing the autonomous behavior of each branch. We showed (see Figure 1 ) that these bud-flushing strategies exhibit different behaviors in the rate of vertical growth and mature tree height when adopted by trees with regenerating meristems.
We can classify our bud-flushing strategies as suitable for earlysuccessional or late-successional species according to the growth patterns they enable. This denomination reflects the need for exposure to light that different species show in a secondary ecological succession (Connell and Slatyer 1977, Cook et al. 2005) . In terms of this classification the ADF strategy, the LFF strategy, and the OF strategy can be identified as early-successional since they produce tall architectures with high net-productivity rate (Figure 1 ). Tree species adopting these strategies have a high growth rate in shaded environments, making them fit for competition for light, a behavior typical of the fast-growing, shadeintolerant species appearing in secondary successions (Cook et al. 2005) . Strategies like LCF, ABF and RF manifest lower, bush-like architectures, with the lower productivity typical of shade-tolerant, early-successional species.
We notice that, both in isolation and in the shaded environment, trees adopting the ADF strategy are simultaneously the tallest and the lightest in terms of biomass. Such tall and feeble structures suggest little mechanical stability under the influence of external agents (wind shear, grazing by animals, heavy precipitations). Within the framework of the model, mechanical stability is only interpreted as the stability of the structure under its own weight. In general, for all the architectures obtained in this study, branches are stable under their own weight. Longer branches (and consequently wider crowns) are usually constrained by the excessive costs of long lateral pipes, never reaching the lengths close to the point of rupture under their own weight for the wood densities used in the model (see Table A1 ). Our investigation does not contemplate the presence of other external forces and it would be valuable to extend the study by accounting for possible wind breakage.
As the tree carbon economy is exclusively driven by photosynthesis, architectural development is very susceptible to shading within the crown. Self-shading is a factor that can worsen the performance of a bud-flushing strategy, particularly when very dense tree crowns form. Among the parameters that control the degree of clustering of leaves in the tree crown, the most influential are the branching angle, the internode length, the area of the leaves and phyllotaxis (Honda and Fisher 1979, Borchert and Slade 1981) . In order to have a fair comparison between different bud-flushing orders, we set all the geometric and physiological parameters to average values for evergreen tropical species as found by Sterck and Schieving (2007) . An earlier study by Takenaka (1994) found that specific configurations of petiole length, leaf area, internode length and phyllotaxis diminish the degree of self-shading and thus boost carbon intake through photosynthetic activity. In particular, such configurations could combine with the LFF strategy and enhance its performance through positive feedback: adsorption of light would be highest where luminosity is more intense. None of the strategies we investigated performs best with respect to all of the quantities we considered. This suggests that species thriving in different environments may adopt different bud-flushing. Interestingly, our results show that bud-flushing strategies that feature organized decision-making algorithms do not necessarily outperform the RF strategy. We identified why RF produces architectures comparable in size to LCF and ABF, and with a considerable reproduction pool in full light (see Figures 1 and 2) . The strategy's success is based on the failure of unproductive directions of growth, leaving a higher probability of flushing in productive directions. Not allowing meristem regeneration accentuates this effect since fewer buds will be available for flushing (see Figure 3 ). The absence of meristem regeneration also enhances the performance of the LCF strategy in full light. The efficacy of such a trial-and-error mechanism exemplifies that the distribution of newly produced biomass is not to be modeled as a process as such, but it is a consequence of several parallel processes (Franklin et al. 2012) .
Researchers have striven towards finding guiding principles that explain how the different processes or aspects of growth are to be put together in the framework of carbon allocation. Franklin et al. (2012) suggest that natural selection has likely favored architectures and functions that are most efficient for resource acquisition, survival and successful reproduction. The results by Sterck and Schieving (2007) also support the idea that selection for higher net carbon gain determines how trees change in structure during ontogeny and, at the same time, how architectures acclimate in response to light gradients. In a realistic situation, the performance of a bud-flushing strategy depends on the combination of different environmental conditions and not just the light gradient alone. In addition, the distribution of resources and the allocation of newly formed biomass within the above-ground tree architecture affects the growth patterns observed in different species and is in turn impacted by internal and external factors. A wide range of studies have shown that, while dictated by the genetic characteristics of a species (Epron et al. 2012b) , growth patterns and biomassallocating processes are susceptible to environmental changes in temperature (Sevanto and Dickman 2015) , humidity (Teskey et al. 1987) , and abundance and type of soil nutrients (Axelsson and Axelsson 1986, Ericsson et al. 1996) .
In approaching this study we removed seasonality from the scenarios and considered only continuous growth with new biomass being added constantly (every 10 days). Although leaves have a finite lifespan, the plant never experiences deciduous cycles. This behavior is observed in evergreen species in tropical environments (Hallè et al. 1978) . The lack of seasonality is motivated both by obtaining a smoother temporal dynamics of the measures considered and to prevent excessive accumulation of carbon before each flushing. In fact, if the carbon accumulated is enough to flush all the buds in the crown, no flushing priority can be assigned and the effect of any strategy is nullified.
To our knowledge, our study is the first to compare bud-flushing strategies and the architectures they produced within the same functional-structural framework. Our study shows the potential of such an approach. In particular, the model we considered (an extension of the bottom-up mechanistic model first introduced by Sterck et al. (2005) ) possesses the flexibility to produce a vast number of tree architecture by modifying physiological and geometric parameters and growth rules. As ever-larger amounts of empirical data relating carbon allocation to architectural characteristics become available (Poorter et al. 2006 , Epron et al. 2012b , the validity of non-species-specific results can be tested over a large spectrum of species and environments. This particular class of models can thus become a fundamental tool in the systematic studies of empirical data and the understanding of the general ecophysiological mechanisms that drive growth and the appearance of specific architectural characteristics.
Appendix 2 Tree Physiology Online at http://www.treephys.oxfordjournals.org
